INTRODUCTION
============

Transporting ionic species selectively and rapidly is critical not only for operating electrochemical devices but also for life-sustaining chemical transformations in all living creatures ([@R1], [@R2]). Controllable transport of ions confined in nanopores and nanochannels is of substantial interest due to their similarity to ionic systems found in nature, such as transmembrane proteins and vascular plants ([@R3]). Unlike microscale channels, nanosized channels support selective transport of counterions and exhibit exceptional ionic conductivity when the Debye length of ion species matches the channel dimensions ([@R4], [@R5]). Recently, notable advances have been reported in ion transport within nanocapillaries, using hydrated surfaces of well-packed colloids ([@R6]), especially those made of two-dimensional (2D) sheets ([@R7]--[@R11]). These bottom-up assembled material systems can also take unusual form factors, such as macroscopic fibrillar structure, which can potentially act as nanofluidic ionic cables (NICs) to conduct ionic signals and power ([@R12], [@R13]). However, controlling the internal microstructure and surface chemistry of the nanofluidic channels for these ionic cables remains challenging.

Colloidal liquid crystals (LCs) exhibit anisotropic and dynamic alignment of the building blocks in response to various free-energy gradients ([@R14]--[@R16]). Using colloidal LCs for macroscopic assembly is beneficial in that they flow like a liquid, which enables directed self-assembly under a flow field with controlled shear and vorticity. Preserving the spontaneous conformation of the colloids throughout the assembly process holds great promise for rational engineering of assembled macrostructures with novel anisotropic properties. In particular, charged colloids in a fluid can be readily oriented by an extensional flow-field gradient and simultaneously coagulated into a fibrillar form with hierarchical microstructure ([@R17]). To achieve high anisotropy of the assembled material properties as well as the structures, a steep flow velocity gradient is necessary ([@R12], [@R18]). However, colloidal gel networks are easily ruptured by mechanical perturbation due to the absence of strong interactions such as chemical bonding and the relatively short length of constituents ([@R19]). Therefore, strengthening the gel networks and cross-linking the colloids, by controlling the channel size, should be considered from the assembly step for the facile design of nanofluidic channels.

Anisotropically ordered structures are required for highly conductive NICs to shorten the ionic pathway (i.e., interconnected channel length) and decrease the channel height, which, in turn, increases the surface charge density. 2D giant colloids such as graphene oxide (GO) could be a prospective constituent building block of NICs because its high specific surface area and specific charge density guarantee a high volume fraction and surface charge density of the interconnected 2D nanochannels ([@R7], [@R8]). Here, we describe flow-driven dynamic self-assembly of highly aligned GO gel fibers and their application as ionic cables. We developed a straightforward method to reinforce the GO gel network, which made it sufficiently stable to withstand mechanical perturbations. In situ observation of the assembly process showed that GO gel fibers coagulated in the CaCl~2~ coagulation solution ruptured under a low extensional flow velocity gradient before the LC domains were aligned. However, after adding NH~4~OH to the coagulation solution, application of a higher flow velocity gradient was possible. We investigated the effects of the NH~4~OH-containing coagulation solution on the mechanical and viscoelastic properties of the GO gels. In addition, the origin of the enhanced rigidity of the GO gel, arising from fundamental changes in its intermolecular interaction, is discussed. The fundamental understanding of kinetics of fiber solidification allowed the tailoring of the macrostructure of GO gel fibers to be highly aligned on a meter-long scale during the dynamic self-assembly. We demonstrate the efficacy of highly aligned GO gel fibers as NICs by comparing the ion transport behavior with that of partially aligned fibers in various salt concentrations.

RESULTS
=======

Assembly of GOLC into GO hydrogel fibers
----------------------------------------

[Figure 1A](#F1){ref-type="fig"} shows a schematic of the apparatus used for in situ observation of the dynamic assembly of GOLC dispersion to make gel fibers. A coagulation bath, a syringe mounted on a syringe pump, and a roller for collecting and drawing the fiber were installed on the stage of a polarized optical microscope (POM). GO dispersion \[0.5 weight % (wt %)\] with GO sheets with an average lateral size of 1.7 μm (fig. S1) was loaded in the syringe and ejected through a glass nozzle (inner diameter, 400 μm) into a 5 wt % CaCl~2~ coagulation solution under varying flow rates. The initial rate of ejected fluid was referred to as *v*~1~, indicating freely ejected fluid. The assembly process was recorded using a high-speed camera focused on the nozzle end with increasing extensional flow rate (i.e., linear velocity of the take-up roller, *v*~2~) until the gel fiber fractured ([Fig. 1](#F1){ref-type="fig"}, A and B). In [Fig. 1A](#F1){ref-type="fig"}, a photo image shows a meter-long GO gel fiber collected on a stainless steel bobbin.

![In situ observation of dynamic self-assembly of GO gel fibers.\
(**A**) Schematic of the experimental set-up: The assembly apparatus was installed on the stage of a POM, and the assembly process was recorded with a high-speed camera focused on the glass nozzle tip. The final GO hydrogel fibers can be reeled on a bobbin as shown in the photo. (**B**) Schematic illustration showing flow-driven alignment of GO sheets and formation of hydrogel fiber. (**C** and **D**) POM snapshots capturing different assembly behaviors of GO gel fibers (C) without and (D) with the addition of NH~4~OH in the CaCl~2~ coagulation solution. Snapshots were taken at various rates of the take-up roller (*v*~2~). Note that the crossed polarizers were rotated 45° from the fiber axis. (**E** and **F**) POM images showing degree of alignment in GO gel fibers obtained at (E) 3*v*~1~ in the CaCl~2~-only coagulation solution and (F) 4*v*~1~ in the NH~4~OH and CaCl~2~ coagulation solution.](aau2104-F1){#F1}

Using our experimental setup, we directly observed dynamic changes in LC alignment in response to *v*~2~ during coagulation, as shown in the series of POM images in [Fig. 1C](#F1){ref-type="fig"}. The topmost image displays a GO gel fiber assembled at the initial state (i.e., *v*~2~ = *v*~1~). Birefringent optical texture reflects the local orientation of the LC domains ([@R14]). GOLC fluid flowing inside the glass nozzle (white dashed lines) was subjected to a laminar flow \[mean velocity (*v*~0~) of 21 mm s^−1^\] with a parabolic velocity profile due to the drag force of the nozzle wall acting on the surface of the GOLC (fig. S2B), which affects the rotational dynamics of GOLC domains ([@R20]). The alignment of the GOLC is given by the local shear; thus, GO is aligned closer to the nozzle walls and more isotropic at the core. The GO sheets will not respond independently to shear. Because the fluid has an LC behavior, the effect on their orientation and alignment relies on their domains. When the fluid was ejected, the mean velocity of fluid (*v*~1~) was slightly decreased to 17 mm s^−1^ due to the relaxation of the laminar velocity profile (fig. S2C). This velocity-profile relaxation significantly affects the preferential GO arrangement inside the LC fluid (fig. S2 and movie S1). The birefringence of the ejected fluid indicates highly aligned LC domains along the sheath of fluid but more rotated ones in its core region. The disturbed core fluid became gradually coagulated with the distance from the nozzle due to the diffusion of ionic cross-linkers (Ca^2+^) from the coagulation solution (fig. S3) ([@R21]). The most straightforward and well-supported explanation to this behavior is that the core fluid is subjected to a retardation, which causes the switch from alignment in the flow direction to alignment in the cross direction ([@R22]). This can actually be seen directly at the exit from the nozzle, where there is a retardation, which is competing with the extensional flow. The resulting nonhomogeneous structural arrangement hinders facile ion transport and mechanical robustness along the fiber axis. Therefore, the alignment of GOLC should be tailored along the fiber axis not only to promote guided transport of ions but also to increase load transfer along the longitudinal direction. As a consequence, to design the preferential structure, extensional flow provides a mechanism that may induce homogeneous alignment throughout the LC fluid, which can be obtained using the drawing effect utilizing the mechanism of solidification. However, this GO gel fiber showed low drawability because of its poor mechanical properties. When *v*~2~ is increased to 3*v*~1~ (i.e., 51 mm s^−1^), the gel fiber tended to crack easily and fracture at the velocity difference of 3*v*~1~ − *v*~0~ (second and third images in [Fig. 1C](#F1){ref-type="fig"}). [Figure 1E](#F1){ref-type="fig"} shows the nematic Schlieren textures around the cracking point of the GO gel fibers.

We modified the coagulation solution by addition of NH~4~OH ([Fig. 1D](#F1){ref-type="fig"}) to improve the drawability of GO gel fibers. The assembly behavior of GOLC in the NH~4~OH-containing solution at *v*~1~ was similar to that shown in the original coagulation solution (first images in [Fig. 1](#F1){ref-type="fig"}, C and D). However, when *v*~2~ becomes 3*v*~1~, perpendicular LC alignment in the core became parallel (second image in [Fig. 1D](#F1){ref-type="fig"}). Movie S2 shows the in situ observation recorded at a constant *v*~2~ of 3*v*~1~. The LC domains in the ejected core fluid were dynamically rearranged in parallel to the axis of fiber by the high extensional flow field. In addition, the higher velocity difference (4*v*~1~ − *v*~0~) led to alignment of the LC domains to the fiber axis (third image in [Fig. 1D](#F1){ref-type="fig"}) and the high anisotropy of the aligned gel fiber was certainly observed in [Fig. 1F](#F1){ref-type="fig"}. Last, a crack was generated at the sheath layer when *v*~2~ reached 5.5*v*~1~ (fourth image in [Fig. 1D](#F1){ref-type="fig"}). The crack propagated rapidly through the opposite side and ultimately fractured the GO gel fiber (fifth image in [Fig. 1D](#F1){ref-type="fig"}). The applied mechanical drawing acts as a tensile stress and increases proportionally to the axial velocity gradient \[i.e., *dv*~1~(*x*)/*dx*, extension rate\] ([@R23], [@R24]). We derived the distance dependence of extension rate from the fourth image in [Fig. 1D](#F1){ref-type="fig"} as the following equation (more details are available in the supplementary materials)$$\frac{\mathit{d}\mathit{v}_{1}(\mathit{x})}{\mathit{d}\mathit{x}} = \frac{- 8\mathit{Q}_{0}}{\pi\mathit{D}_{1}{(\mathit{x})}^{3}}\frac{\mathit{d}\mathit{D}_{1}(\mathit{x})}{\mathit{d}\mathit{x}}$$where *D*~1~(*x*) is the diameter of the GO gel fiber at distance *x* (e.g., *x* = 0 at the nozzle end) and *Q*~0~ is the volumetric flow velocity (2.7 μl s^−1^) of the GOLC fluid. As shown in fig. S4, the extension rate was highest near the nozzle end and gradually decreased to zero with the distance as the diameter of ejected fluid became constant to 230 μm. The ultimate extension rate at the fractured position (*x* = \~200 μm) was 88 s^−1^. Under modified coagulation conditions, the gel fiber sustained a 2.6-fold higher ultimate extension rate than the pristine GO gel fiber (34 s^−1^). In addition, the normalized birefringence intensity of the pristine gel fiber at *v*~2~ = 3*v*~1~ was 1.7-fold lower than that of the modified GO gel fiber at *v*~2~ = 4*v*~1~, indicating that the pristine gel fiber had a relatively low degree of orientation (fig. S5D) ([@R16]). Together, these results indicated that highly oriented gel fibers could not be obtained using the CaCl~2~-only coagulation solution because the pristine gel was sensitive to high-speed mechanical drawing, which is essential to obtain highly aligned LC domains.

Enhancement of molecular interactions between GO sheets during coagulation
--------------------------------------------------------------------------

We next investigated the effect of the NH~4~OH-containing coagulation solution on the mechanical and viscoelastic properties of GOLC gels. The 1D characteristics and fast drying rate (less than 10 min) of the gel fibers made them unsuitable for in-depth investigations of intact gel properties. Consequently, we prepared freestanding GO gels with a cylindrical shape to study its coagulation behavior ([Fig. 2A](#F2){ref-type="fig"} and fig. S6A). Two types of GO gels were formed in an aqueous bath containing CaCl~2~ only and both CaCl~2~ and NH~4~OH, which are termed as "original GO gel" and "modified GO gel," respectively ([Fig. 2](#F2){ref-type="fig"}, A and B). [Figure 2C](#F2){ref-type="fig"} shows typical stress-strain curves of GO gels under uniaxial compression. Neither of the two gel types was brittle enough to exhibit a discernible failure point, so we compared their stresses at the same strain (60%). The original GO gel had a stress of 3.1 ± 0.3 kPa, while the modified GO gel sustained an almost sixfold higher stress (18.1 ± 3.1 kPa). The high mechanical strength of the GO gel prepared using the NH~4~OH-containing CaCl~2~ coagulation solution explains why the modified GO gel fiber could sustain a higher extension rate (88 s^−1^) than the original gel fiber during self-assembly.

![Enhanced molecular interactions of GO.\
Photo (**A**) and schematic illustrations (**B**) showing experimental setup to observe the formation of GO hydrogel by diffusion of coagulants. The coagulant (Ca^2+^) diffuses into GOLC dispersion through the pores in membrane and induces gelation. GO sheets also undergo partial deoxygenation after the addition of NH~4~OH, which increases their π-π interaction. (**C**) Stress-strain curves of both the original and modified GO gels under uniaxial compression. (**D** and **E**) Frequency dependence of (D) viscosity and (E) storage modulus (*G*′) of both types of GO gels. (**F** and **G**) XPS spectra of the samples showing (F) Ca 2p and (G) C 1s bands. a.u., arbitrary units. (**H**) XRD patterns of GO powder and freeze-dried GO gels.](aau2104-F2){#F2}

We next examined the viscoelastic properties and dynamic rheological responses of the gels. As shown in [Fig. 2D](#F2){ref-type="fig"}, the viscosity of both gels rapidly decreased as the frequency increased, indicating that intermolecular interactions are composed primarily of noncovalent interactions (e.g., hydrogen bond, van der Waals, and electrostatic bond) ([@R25]). The viscosity of the modified GO gel was 1.7-fold higher than that of the original GO gel over the entire frequency range (0.1 to 100 rad s^−1^), indicating that the modified GO gel had a strengthened physical network relative to the original GO gel. This increase in strength was further supported by the results for storage modulus (*G*′), a measure of the field strength of an internal structure based on reversible deformation of a gel under shear stress ([@R26]). The *G*′ value of the modified GO gel was 1.4-fold higher than that of the original GO gel ([Fig. 2E](#F2){ref-type="fig"}). The strength of both gels was quantitatively analyzed by yield stress (τ~*y*~), which is the minimum stress required to break a physical structure ([@R27]). The τ~*y*~ values, derived from Casson plots in fig. S6B, are listed in table S1. The modified GO gel had a τ~*y*~ of 308 Pa, an almost 1.7-fold greater value than that of the original GO gel (181 Pa). Moreover, the τ~*y*~ value of the modified GO gel increased in proportion to the concentration of added NH~4~OH to the coagulation solution (table S1). This relationship implies that a high pH coagulation solution can modify the microstructure of modified GO gels to make them more rigid, allowing GO gel fibers to resist a high extension rate.

The origin of the enhanced rigidity of the GO gels made using the NH~4~OH-containing coagulation solution was investigated using x-ray photoelectron spectroscopy (XPS), and the results are shown in [Fig. 2](#F2){ref-type="fig"} (F and G). High-resolution Ca 2p curves in XPS indicated that the modified GO gel \[2.3 atomic % (at %)\] had a higher calcium content than the original GO gel (1.1 at %). Ca^2+^ plays a key role in sustaining gel networks by cross-linking negatively charged adjacent GO sheets through electrostatic attraction ([Fig. 2B](#F2){ref-type="fig"}). Our results suggest that a larger number of electrostatic cross-links exist in the modified GO gel network than the original gel network. We attributed this to the increased negative surface charge of the GO colloids due to base-promoted ionization of the oxygen functional groups on the surface of the GO sheets ([@R28]). The pH values of the CaCl~2~-only and modified coagulation solution were 9.5 and 11, respectively. The corresponding zeta potential (\~40 mV) of GO dispersion at pH 11 was higher than that (\~36 mV) of GO dispersion at pH 9.5 (fig. S7). High-resolution C 1s curves revealed that the modified GO gel had a lower amount of oxygenated carbons (O/C ratio, 0.43) than the original gel (0.50) because of partial deoxygenation of GO sheets in the high pH coagulation solution (table S2). Alkaline conditions can induce mild but rapid recovery of graphitic domains on GO sheets even at room temperature, although whether this is due to removal of oxygen functionalities or stripping of oxidative debris from GO is still under debate ([@R29], [@R30]). In addition, the similarity in XPS curves of original and modified GO gel fibers demonstrates that there is not much difference in deoxygenation level and calcium content from the different fabrication time of cylindrical gels and gel fibers (fig. S8 and table S2). [Figure 2H](#F2){ref-type="fig"} shows x-ray diffraction (XRD) patterns of GO powder and freeze-dried gels. A 2θ peak at 10.6° corresponding to interlayer spacing (d-spacing, 8.3 Å) between GO sheets was observed for the powder sample. However, the d-spacing slightly increased to 8.8 Å (2θ = 10.0°) in both gel types because of the presence of Ca^2+^ (ionic radius, 1.1 Å) that functioned as intercalated ionic cross-linkers between the GO sheets ([@R31]). The 2θ peak at 22.0° (4.0 Å), which we assigned to d-spacing between graphitic crystallites (\~26.5°) on the GO sheets, appeared only in the modified GO gel. This indicates that additional π-π stacking interactions between locally recovered graphitic domains exist in the GO gel network. The 2θ peak position (22.0°) was slightly lower than previously reported positions of graphene chemically converted with a strong reductant (24° to 25°), indicating incomplete reduction of GO sheets under the mild reduction conditions, consistent with the C 1s XPS analysis ([@R32], [@R33]). Raman analysis also proves the partial restoration of graphitic domains (fig. S9). The higher *I*~D~/*I*~G~ ratio of modified GO gels implies that the average size of the graphitic domains was decreased because of the occurrence of numerous small-sized graphitic domains ([@R32]). Therefore, the remarkable rigidity of the GO gel prepared in the NH~4~OH-containing coagulation solution was due not only to abundant electrostatic cross-links but also to additional π-π stacking interactions.

Interconnected 2D nanochannels and ionic conductivities of GO gel fibers
------------------------------------------------------------------------

The macrostructures of the GO gel fibers could be tailored by *v*~2~ on the meter scale because of the strength of the gel network. Two types of GO gel fibers were assembled in the NH~4~OH-containing coagulation solution at *v*~2~ = 4*v*~1~ and *v*~1~, which we refer to as 4*v*~1~-GO and *v*~1~-GO gel fibers, respectively. Many light brown lines parallel to the fiber axis are visible in the POM images of the 4*v*~1~-GO gel fiber shown in [Fig. 3A](#F3){ref-type="fig"}. The bright light almost disappeared when the crossed polarizers were arranged parallel to the fiber axis ([Fig. 3C](#F3){ref-type="fig"}). In contrast, LC textures of the *v*~1~-GO gel fiber were parabolic with respect to the fiber axis ([Fig. 3](#F3){ref-type="fig"}, B and D). The inner structures of both GO gel fibers were investigated with scanning electron microscopy (SEM) by peeling the sheath layer of freeze-dried gel fibers ([Fig. 3](#F3){ref-type="fig"}, E and F). Parallel and parabolic arrangements of interconnected GO sheets were observed, consistent with the corresponding LC textures observed by POM. Differences in the orientation of both GO gel fibers were verified by small-angle x-ray scattering (SAXS) experiments ([Fig. 3](#F3){ref-type="fig"}, G and H). The SAXS pattern of 4*v*~1~-GO gel fibers had a fan-like shape that extended along the horizontal direction, reflecting the preferred orientation of the LC domains to the fiber axis. In contrast, the round-square shape of the SAXS pattern of the *v*~1~-GO gel fibers indicated nonpreferential but symmetric alignment of the LC domains. To quantitatively verify differences in orientation, we derived Herman's orientation function (*f*) from azimuthal scans of the SAXS patterns (fig. S10). The value of *f* approaches 1 when GO sheets are perfectly aligned with the fiber axis or 0 when the sheets are completely randomly oriented ([@R34]). Calculated values of *f* were 0.71 and 0.01 for 4*v*~1~-GO and *v*~1~-GO gel fibers, respectively. Controlled alignment of the GO gel fiber is expected to strongly affect the mechanical properties of dried GO fibers. Figure S11 shows typical stress-strain curves of 4*v*~1~-GO and *v*~1~-GO fibers. 4*v*~1~-GO fibers exhibited 1.4-fold higher Young's modulus (38.3 GPa) than did *v*~1~-GO fibers (27.6 GPa) (table S3). This can be attributed to the higher value of *f* (0.93) of 4*v*~1~-GO fibers compared to *v*~1~-GO fibers (0.82; fig. S12). The tensile strength (301.4 MPa) of 4*v*~1~-GO fibers was almost two times higher than that (152.3 MPa) of *v*~1~-GO fibers, indicating the defectless compact structure of 4*v*~1~-GO fibers ([@R21]). The improved compactness of 4*v*~1~-GO fibers was further confirmed with apparent density and porosity of both GO fibers, as summarized in table S4.

![Tailoring the microstructure of GO gel fibers.\
(**A** to **D**) POM images of (A and C) 4*v*~1~-GO gel fibers and (B and D) *v*~1~-GO gel fibers taken between (top) 45°-rotated and (bottom) parallel crossed polarizers with respect to the gel fiber axis. (**E** and **F**) SEM images of (E) 4*v*~1~-GO gel fibers and (F) *v*~1~-GO gel fibers show different sheet alignment. (**G** and **H**) SAXS patterns of (G) 4*v*~1~-GO gel fibers and (H) *v*~1~-GO gel fibers. *f* denotes Herman's orientation function.](aau2104-F3){#F3}

Along with the well-controlled macrostructure, interconnecting 2D nanochannels between coaligned GO sheets makes GO gel fibers promising materials for NICs, which can carry ionic current through nanochannels. We assessed the efficacy of anisotropically ordered structures in NICs by directly measuring ionic conductivity ([Fig. 4A](#F4){ref-type="fig"}). First, preexisting ions such as Ca^2+^ and NH~4~^+^ in dried gel fibers were removed and exchanged for K^+^ and Cl^−^ ions by immersing the fibers in target KCl solution at a certain concentration (1 μM to 1 M) for at least 24 hours. Then, a GO gel fiber was directly bridged between drain and source reservoirs containing the predetermined salt solution. Ag/AgCl electrodes were connected to the reservoirs to measure the ionic current along the GO gel fiber. The ionic conductivity of gel fibers at various salt concentrations was measured with linear sweep voltammetry (LSV; [Fig. 4C](#F4){ref-type="fig"}).

![Effect of ordered NIC structures on ionic conductivity.\
(**A**) Schematic illustration showing the experimental setup for measuring the ionic conductivity of NICs. (**B**) Schematic illustrating the different ion transport pathways in 4*v*~1~- and *v*~1~-GO gel fibers. (**C**) Ionic conductivity of the NICs at various salt (KCl) concentrations from 1 μM to 1 M. (**D**) Typical *I*-*V* curves and (**E**) Nyquist plots measured in 0.1 mM KCl solution. (**F**) Digital photograph of an arched GO gel fiber bridging the two reservoirs. The bending ratio is represented as arch height (*t*) divided by length (*l*). (**G**) *I*-*V* curves of NIC at bent and straight states and after 100 cycles of bending. (**H**) Ionic resistance depending on the length of NICs derived from fig. S13.](aau2104-F4){#F4}

At a high salt concentration, the ionic conductivity of 4*v*~1~-GO and *v*~1~-GO gel fibers was similar to that of the bulk electrolyte solution, which was proportional to the salt concentration. However, at a low salt concentration, the ionic conductivity of 4*v*~1~-GO gel fibers began to deviate from that of the bulk solution at \~7 mM (blue dotted line), while this deviation occurred at 3 mM for *v*~1~-GO gel fibers (red dotted line). Below the critical concentration, the conductivity of both GO gel fibers was almost invariant with respect to the salt concentration, because the concentration inside the nanochannels was maintained with counterions (K^+^) by electroosmosis. This is a characteristic feature of nanofluidic ion transport in a surface charge--governed regime ([@R4]). 4*v*~1~-GO gel fibers consistently maintained a 2.4-fold higher conductivity than *v*~1~-GO gel fibers (1.7 × 10^−4^ S cm^−1^) in this regime ([Fig. 4D](#F4){ref-type="fig"}). As shown in [Fig. 4B](#F4){ref-type="fig"}, well-oriented 2D nanochannels along the 4*v*~1~-GO gel fibers shortened the ion pathways by guiding counterions along the longitudinal direction of the fibers. In contrast, cations in the *v*~1~-GO gel fibers struggled to move along the relatively disordered 2D nanochannels. In addition, the average surface charge density of the nanochannels inside the gel fibers was calculated to be 0.23 and 0.13 mC cm^−2^ for 4*v*~1~-GO and *v*~1~-GO gel fibers, respectively (see details in the supplementary materials). This observation indicates that 4*v*~1~-GO gel fibers with compact, parallel 2D nanochannels are better suited for preferential transport of counterions and exclusion of co-ions (Cl^−^) than *v*~1~-GO gel fibers. Structure-related facilitation of efficient ion transport was further confirmed by electrochemical impedance spectroscopy (EIS). [Figure 4E](#F4){ref-type="fig"} shows Nyquist plots with semicircular curves measured in 0.1 mM KCl solution over the frequency range of 1 MHz to 100 mHz. The diameters of the semicircles represent the charge-transfer resistance (*R*~ct~) of the gel fibers. *R*~ct~ of the *v*~1~-GO gel fiber (19.6 kilohm·cm^2^) was 2.5-fold higher than that of the 4*v*~1~-GO gel fiber (6.8 kilohm·cm^2^). The ionic conductivity of the 4*v*~1~-GO gel fiber in the surface charge--governed regime was comparable and even higher than those of previously reported nanosheet films, such as boron nitride (BN) nanosheets (table S5).

The flexibility and length dependence of NICs were further investigated using 4*v*~1~-GO gel fibers to demonstrate their potential as novel ionic cables. A bent GO gel fiber was bridged between two reservoirs, where the ratio of arch height (*t*) to length (*l*) was 0.71 ([Fig. 4F](#F4){ref-type="fig"}). The *I*-*V* curves of the GO gel fiber for bending and straight states were similar, indicating that nanochannels in the GO gel fiber can stably transport ions under mechanical deformation ([Fig. 4G](#F4){ref-type="fig"}). In addition, the GO gel fiber was mechanically flexible and robust enough to retain its ionic conductivity after 100 bending-unbending cycles. Last, the length dependence was explored by measuring the resistance of GO gel fibers with different lengths (fig. S13). Ionic resistance increased proportionally to length, satisfying Pouillet's law for electrical conductors ([Fig. 4H](#F4){ref-type="fig"}).

DISCUSSION
==========

We demonstrated that in flow-driven fiber formation from GOLC, strengthening the GO gel network is an essential prerequisite as it allows fiber pulling under a high velocity gradient (\~88 s^−1^), leading to highly aligned GO fibers. Adding NH~4~OH to the CaCl~2~ coagulation bath significantly strengthens GO gels, leading to markedly increased stiffness, allowing them to sustain higher extensional flow. The effects of NH~4~OH on GO gels can be summarized by the following: Initially, GO sheets become more negatively charged under the high pH condition and thereby provide more electrostatic cross-linking points for the cationic coagulant (Ca^2+^). Next, partial deoxygenation of GO sheets by NH~4~OH induces additional attractive π-π interactions. Therefore, by adjusting the flow gradient, GO gel fibers with largely random and highly oriented microstructures can be obtained. The resulting GO gel fibers were tested as NICs. Highly aligned GO gel fibers with an *f* value of 0.71 exhibited 2.4-fold higher ionic conductivity (4.2 × 10^−4^ S cm^−1^) than partially aligned GO gel fibers with an *f* value of 0.01, indicating that the degree of sheet alignment (*f*) within the fiber is a critical determinant of the performance. These ionic cables could be used for a wide range of system operated in ionic media for the transmission of ionic signals or power. The control of coagulation kinetics is not limited to fiber assembly and could be potentially applied to the dynamic assembly of other types of hierarchical structures of GO.

MATERIALS AND METHODS
=====================

Synthesis and characterization of GOLC dispersion
-------------------------------------------------

GO was chemically exfoliated from graphite powder (grade 2012, Asbury Carbons) by a modified Hummers method reported elsewhere ([@R35], [@R36]). GO powders were dispersed in acetone (99.5%; Daejung Chemicals and Metals Co. Ltd.) and washed with excess acetone to remove the residual acids and metal impurities, using a vacuum-assisted filtration kit ([@R35], [@R36]). The dried GO powder was redispersed in deionized water (DIW; Direct Q3, Millipore) at a concentration of 0.2 wt % and sonicated for 30 min. GO dispersion was centrifuged at 4000 rpm for 1 hour, and the precipitate was discarded. Then, after centrifugation at 8000 rpm for 1 hour, extremely small debris was also removed by dispensing the supernatant. The typical concentration of the final stock GO dispersion was approximately 1.0 wt %. The nematic liquid crystalline nature of GO dispersion was examined using a POM, as reported elsewhere (fig. S1) ([@R14], [@R21]).

Wet spinning of GO gel fibers
-----------------------------

A 0.5 wt % GO dispersion was loaded into a syringe with a single nozzle (inner diameter, 400 μm). In a typical spinning process, the GOLC dispersion was ejected into a coagulation bath containing 5 wt % CaCl~2~ solution with 0.25 M NH~4~OH (30% NH~3~ solution, Sigma-Aldrich) at a constant rate (*v*~1~) of 17 mm s^−1^. The coagulated gel fiber was drawn at a constant rate (*v*~2~) by controlling the revolutions per minute of a take-up roller. *v*~2~ was set to 68 mm s^−1^ for obtaining 4*v*~1~-GO gel fibers. *v*~1~-GO gel fibers mean that the fibers are assembled by only the injection force of GO dispersion without the aid of the roller. For this, we set *v*~2~ (i.e., linear velocity of roller) to *v*~1~. After washing in DIW bath, the gel fibers were collected on a bobbin. For SEM, gel fibers were freeze-dried using a lyophilizer (FDB-5503, Operon) after quickly quenching them with liquid nitrogen.

Preparation of bulk freestanding GO gels
----------------------------------------

We designed a diffusion-induced gelation process for GO colloids in a static state to prepare bulk freestanding GO gels as reflecting coagulation behavior ([Fig. 2](#F2){ref-type="fig"}, A and B). Open-ended glass tubes (inner diameter, 14 mm) were used as a mold. In a typical process, one side of the tube was closed with a dialysis membrane (molecular weight cutoff, 6000 to 8000; Spectra Dialysis Membrane), and 2 ml of the GO dispersion (0.5 wt %) was injected into the tube through the other side. Then, the tube was submerged in a beaker containing 50 ml of the coagulation solution, and the level of the GO dispersion was adjusted to be equivalent to that of the coagulation solution. The membrane was semipermeable with an average pore size small enough to prevent infiltration of GO sheets (average diameter, 1.7 μm) and therefore mediated ion diffusion at the interface only toward the GO dispersion ([Fig. 2B](#F2){ref-type="fig"}). Once the tube was submerged, the sol-gel transition occurred, and the GO dispersion was fully converted to a gel after 12 hours (fig. S6A). The freestanding GO hydrogel was separated from the tube and washed by soaking in 50 ml of DIW. The DIW was replaced more than five times at fixed time intervals of 6 hours.

Ionic conductivity measurement of NICs
--------------------------------------

A measurement cell, fabricated using a polydimethylsiloxane elastomer (Sylgard 184, Dow Corning), consisted of source and drain reservoirs (15 ml) that were 30 mm in diameter with a 10-mm-length gap between them (fig. S14A). The two reservoirs were filled with KCl solution (99.5%, Sigma-Aldrich) at the same concentration (1 M to 1 μM). As shown in fig. S14B, a GO gel fiber was bridged between the two reservoirs after removing the preexisting ions (e.g., Ca^2+^ and NH~4~^+^) and then exchanging them for K^+^ ions in the following three steps: GO gel fibers were washed with excess DIW, dried in an 80°C oven for 30 min, and rehydrated for at least 24 hours in the target KCl solution. The removal and exchange of ions in the GO gel fiber were confirmed by XPS analysis (fig. S15). Last, the two reservoirs were connected to a potentiostat (SP-200, Bio-Logic) using two Ag/AgCl electrodes (fig. S14, C and D). LSV in the potential range of −0.4 to 0.4 V and EIS in the frequency range of 0.1 Hz to 7 MHz were collected using the potentiostat in a custom-made faraday cage. The ionic conductivity of the bulk electrolyte solution was measured using a glass tube with a diameter of 475 μm and a length of 10 mm.

Characterization
----------------

In situ observation of the dynamic self-assembly process was carried out using a BX-51 polarizing microscope (Olympus) under identical light intensity. The process was simultaneously recorded using a high-speed camera (M320S, Phantom Miro) at a frame rate of 3000 frames s^−1^ with an exposure time of 5.5 μs. The birefringence intensity in the POM images in fig. S5 was quantified using the ImageJ freeware. The birefringence intensity profiles of the two images along the lines inside the glass nozzle were similar (fig. S5C). Compression tests were carried out with an Instron 5966 tester (Instron Engineering Corporation) with a load cell of 10 N. A cylindrical GO hydrogel (diameter, 14 mm; height, 13 mm) was placed between two parallel plates and compressed at a strain rate of 10% min^−1^. Tensile tests of single dried GO fibers were also carried out at a strain rate of 10% min^−1^. The GO fibers were fixed onto a rectangle frame with 25 mm of gauge length using epoxy glue to prevent the slip of fibers. The mechanical strengths of fibers were calculated by the force divided by the cross-sectional area. The mechanical properties of GO fibers were averaged over at least 10 samples. The linear densities of dried GO fibers were measured with a FAVIMAT sing fiber tester (Textechno H. Stein) using a vibroscope method. XRD patterns of GO powder and freeze-dried bulk gels were obtained with an x-ray diffractometer (Rigaku, SmartLab) using a Cu Kα radiation source (λ = 1.5418 Å). XPS analysis was carried out with an XPS spectrometer (Theta Probe, Thermo Fisher Scientific) using monochromatic Al Kα radiation. The zeta potential of aqueous GO dispersion with a concentration of 0.05 mg ml^−1^ was measured using a Zetasizer Nano ZS90 (Malvern Instruments). The pH of GO dispersion was adjusted with dilute NH~4~OH solution. Raman analysis of GO gels was performed on a NRS-3100 (JASCO Inc.) with 532-nm laser excitation. Dynamic rheological properties of GO hydrogels were measured with the Advanced Rheometric Expansion System (AR50, TA Instruments). A parallel-plate geometry with a gap of 8 mm was adopted. Dynamic frequency sweep experiments were carried out over the frequency sweep range of 0.1 to 100 rad s^−1^ at a fixed oscillatory strain of 1%. Synchrotron SAXS measurements were carried out at the 4C SAXS II beamline of the Pohang Accelerator Laboratory (Pohang, Republic of Korea) with an x-ray beam wavelength of 0.675 Å at a sample-to-detector distance of 4 m. A single GO gel fiber was loaded on an open-circle holder, and both sides of the holder were sealed with polyimide tape to prevent drying of the gel fiber during SAXS measurements for an exposure time of 30 s. SEM images of the freeze-dried gel fibers and dried fibers were obtained using a Hitachi S-4800 microscope (Hitachi High-Technologies Co.). The topography of the single-layered GO sheet was characterized using an atomic force microscope (XE-70, Park Systems).

Calculation of flow velocity and extension rate
-----------------------------------------------

The mean flow velocity of GOLC fluid (*v*~0~) flowing inside the glass nozzle was calculated as follows$$\begin{matrix}
{\mathit{Q}_{0} = \mathit{A}_{0}\mathit{v}_{0}} \\
{= \frac{\mathit{D}_{0}^{2}\pi}{4}\mathit{v}_{0}} \\
\end{matrix}$$where *Q*~0~, *A*~0~, and *D*~0~ are the volumetric flow velocity (2.7 μl s^−1^) of the GOLC fluid and cross-sectional area and diameter (400 μm) of the glass nozzle, respectively. In addition, the flow velocities of *v*~0~ and *v*~1~ (flow velocity of ejected fluid) are related as follows$$\begin{matrix}
{\mathit{Q}_{0} = \mathit{Q}_{1}} \\
{\mathit{A}_{0}\mathit{v}_{0} = \mathit{A}_{1}\mathit{v}_{1}} \\
\end{matrix}$$

However, as high extensional flow is applied, the flow velocity and diameter of the ejected fluid are dependent on the distance from the nozzle end as follows$$\mathit{Q}_{0} = \frac{\mathit{D}_{1}{(\mathit{x})}^{2}\pi}{4}\mathit{v}_{1}(\mathit{x})$$where *D*~1~(*x*) is the diameter of the GO gel fiber at *x* and was obtained by analyzing the in situ observation images ([Fig. 1](#F1){ref-type="fig"}, C and D). Hence, the extension rate \[*dv*~1~(*x*)/*dx*\] is defined as follows$$\frac{\mathit{d}\mathit{v}_{1}(\mathit{x})}{\mathit{d}\mathit{x}} = \frac{- 8\mathit{Q}_{0}}{\pi\mathit{D}_{1}{(\mathit{x})}^{3}}\frac{\mathit{d}\mathit{D}_{1}(\mathit{x})}{\mathit{d}\mathit{x}}$$

Determination of the degree of orientation in fibers
----------------------------------------------------

Herman's orientation function (*f*) is defined as follows ([@R37])$$\mathit{f} = \frac{1}{2}3\langle\text{cos}^{2}\theta\rangle - 1$$where 〈cos^2^θ〉 is the average value of the square of the cosine of the angle θ. Assuming rotational symmetry of the fiber axis, the following equation is obtained$$\left\langle \text{cos}^{2}\theta \right\rangle = \frac{\int_{0}^{\pi/2}\mathit{I}(\theta)\text{cos}^{2}\theta\text{sin}\theta\mathit{d}\theta}{\int_{0}^{\pi/2}\mathit{I}(\theta)\text{sin}\theta\mathit{d}\theta}$$where *I*(θ) is the intensity at θ in the azimuthal scan, collected from the SAXS data (figs. S10 and S12).

Calculation of the surface charge density of the 2D nanochannels
----------------------------------------------------------------

The ionic conductance (*G*) of a single nanochannel filled with KCl solution is approximately equal to the sum of the bulk conductance, *q*(μ~K~ + μ~Cl~)*C*~B~*N*~A~*wh*~0~/*L*, and the surface charge--governed conductance, 2μ~K~σ~S~*w*/*L*, where *q* is the elementary charge; μ~K~ and μ~Cl~ are the mobility of K^+^ and Cl^−^, respectively; *C*~B~ is the salt concentration; *N*~A~ is Avogadro's number; *w*, *h*~0~, and *L* are the width, height, and length of the single channel, respectively; and σ~S~ is the surface charge on the nanochannel walls ([@R7]). Bulk conductance dominates at high concentrations, whereas at low concentrations, surface charge--governed conductance dominates. In the case of the GO gel fiber, conductance was measured from the collective contributions of numerous single-channel arrays in the GO gel fiber (fig. S16, A and B). Therefore, *G* of a single nanochannel should be multiplied by the number of channels (*n*). We hypothesized that curved nanochannels confined in a cylindrical fiber with radius (*r*) could be regarded as rectangular parallelepipeds, like GO films (fig. S16D). When the length (*L*) of the rectangular parallelepiped is equal to that of the cylinder (\~10 mm), the width (*W*) and height (*H*) of the rectangular parallelepiped can be denoted as 2π*r* and *r*/2, respectively. Hence, the number of the existing channels can be estimated by dividing *H* by the interlayer spacing (*h*). The measured values of *r* were 28 and 70 μm for the 4*v*~1~-GO and *v*~1~-GO gel fibers, respectively. The XRD pattern in fig. S16C indicates that the average interlayer spacing (*h*) of the GO gel fibers was 1.38 nm. Considering the thickness of the graphene basal plane (i.e., the extension of electronic clouds, 0.35 nm) ([@R38]), the height available for the electrolyte solution in the single nanochannel (*h*~0~) was 1.03 nm. By fitting the conductance data in the high concentration regions, we derived the value of *W* to be 179 and 396 μm for 4*v*~1~-GO and *v*~1~-GO gel fibers, respectively. These values agree well with the corresponding theoretical values (i.e., 2π*r*, 176 and 440 μm, respectively), indicating that our hypothesis is reasonable. Similarly, by fitting the conductance data in the low concentration regions, we derived the σ~S~ values.
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Fig. S1. Characterization of GOLC dispersion.

Fig. S2. Analysis of velocity profile.

Fig. S3. Estimation of time scale for Ca^2+^ diffusion.

Fig. S4. Diameter and extension rate of ejected fluid at *v*~2~ = 5.5*v*~1~ as a function of distance.

Fig. S5. POM images and birefringence intensity profiles of gel fibers.

Fig. S6. Sol-gel transition and gel behavior of GO solution.

Fig. S7. Zeta potential of GO as a function of pH in aqueous dispersion at a concentration of 0.05 mg ml^−1^.

Fig. S8. XPS spectra of GO gels.

Fig. S9. Raman spectra of GO gels.

Fig. S10. Determination of the degree of orientation in gel fibers.

Fig. S11. Stress-strain curves of dried GO fibers under 10% min^−1^ of tensile strain.

Fig. S12. Determination of the degree of orientation in dried fibers.

Fig. S13. *I*-*V* curves of NICs of different lengths.

Fig. S14. Experimental setup for measuring the ionic conductivity of NICs.

Fig. S15. Removal of Ca^2+^ by ion exchange in GO gel fibers.

Fig. S16. Modeling of GO gel fiber nanochannels using the configuration of GO films.

Table S1. Yield stress values of GO gels prepared with different amounts of NH~4~OH.

Table S2. Quantitative XPS analyses of cylindrical gels and gel fibers.

Table S3. Comparison of mechanical properties of our GO fibers with previously reported GO fibers and other nanocarbon-based fibers.

Table S4. Structural parameters of dried GO fibers.

Table S5. Comparison of ionic conductivity of GO gel fibers with various nanosheet films.

Movie S1. In situ observation of dynamic assembly of GO gel fiber at *v*~2~ = *v*~1~.

Movie S2. In situ observation of dynamic assembly of GO gel fiber at *v*~2~ = 3*v*~1~.
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